We realize a multicolor, multi-cycle combination of commonly CEP-locked three waves from a single femtosecond OPA driven by a CEP -stable 7-mJ kHz Yb laser system and report HHG driving with individual and combined colors.
Introduction
The cut-off photon energy in high harmonic generation (HHG) is famously governed by the 3.17U p + I p formula [1] , where the factor 3.17 corresponds to a sinusoidal laser driver field. In a recent theoretical proposal [2] , the use of a multicolor multi-cycle driver waveform has been suggested that steers the electron trajectories so as to maximize the kinetic energy at return. For this "perfect wave" [2] , a combination of UV optical harmonics and a near-IR subharmonic (1600 nm) of an 800-nm laser were considered to demonstrate the cut-off enhancement numerically. In this contribution, we present a very efficient and technically straightforward approach to adding Fourier components at octave frequency spacing and demonstrate preliminary results of HHG driving with our multi-color synthesizer. Our concept, depicted in Fig.1 , is based on a single collinear optical parametric amplifier (OPA) as a source of three colors that are mutually locked to a single carrier-envelope phase (CEP). The CEP stabilization requirement in waveform synthesis automatically arises for combinations different-color pulses whenever the mechanism of color multiplication is other than direct optical harmonic generation [2] .
The main advantages of the OPA-based scheme for perfect-wave synthesis over the addition of optical harmonics [3] are the following: (i) The OPA down-converts the pump frequency rather than to up-convert it as in optical harmonic generation. Downshifting the base frequency into mid-IR (idler) also provides room for more non-UV color components and thus avoid problems with atmospheric absorption of driver pulses and enhanced multiphoton UV ionization of the HHG target (compare, e.g. the 4 th harmonic wavelength of a Ti:sapphire laser (200 nm) to the 4 th harmonic of the idler pulse (750 nm)).
(ii) The efficiency of successive optical harmonic generation rapidly plunges with order. In an OPA, similar intensities of pump ( 3 ), signal ( 1 ), and idler ( 2 ) are easily ensured and two additional colors are easily added by frequency-doubling  3 and  1 . (iii) CEP stability of the three OPA waves is ensured by the use of a CEP-stable pump laser and a white-light seed. The signal then inherits the CEP stability of the pump through supercontinuum generation and idler CEP is passively stabilized in the differencefrequency generation process [4] . Thus the scheme presented in Fig.1 becomes a waste-free multi-octave optical synthesizer seamlessly tunable across commensurate as well as incommensurate frequency combinations.
Previously, we have introduced this concept and proved its ability to drive above-threshold ionization and plasma THz generation experiments [3] . However, experiments on multicolor HHG driving have remained out of reach because of the low pump pulse intensity from a diode-pumped Yb:KGW amplifier. Scaling of the pulse intensity presents a bottleneck in the KGW technology and is determined by parasitic nonlinearities. This contribution describes a radical improvement in the pump laser technology which has allowed us to upgrade the parametric synthesizer to the required intensity level for multicolor HHG driving.
Experimental setup
The general scheme of the laser amplifier system is depicted in Fig. 1 . An Yb:KGW CPA laser system (Light Conversion Ltd.) is used as a front-end for a high energy Yb:CaF 2 RA. The front-end CPA delivers pulses stretched to 200 ps at up to 6 W average power at 10-200 kHz repetition rate, and up to 1-mJ pulses at 1 kHz. However, for seeding only 100 μJ were actually used. For the second stage, a cryogenically cooled Yb:CaF 2 RA pumped by two 40-W CW laser diode bars is used to amplify the pulses up to 6 mJ at 1 kHz. In order to increase the gain as well as improve the thermo optical properties, the crystal is kept at -150 o C temperature [5] . A low vibration closed-loop cryogenic cooling system was used (Polycond Systems Inc.) that allows preserving CEP stability during the amplification. The gain spectrum of the Yb:CaF 2 is well matched to the Yb:KGW gain profile. The amplification factor of the Yb:CaF 2 power amplifier starting from a 100-μJ seed is 60, which results in a slightly narrower spectrum of the amplified pulses as compared to the seed; see Fig. 2(a) for comparison. The amplified were compressed in a high efficiency reflective grating compressor with a total transmission > 90%. The spectrum of the 6-mJ pulses supports 134 fs pulse duration. However, the residual higher order phase due to slightly different gratings used in stretcher and compressor resulted in a 190-fs compressed pulse duration.
Using a PLL, the carrier-envelope-offset frequency f ceo of a solid-state Yb:KGW oscillator is locked to a quarter of the pulse repetition rate f rep /4 by feeding the error signal to the laser diode power supply [6] . The CEP drift in both amplifiers is compensated in a second feedback loop: Before amplification in the second stage, the pulses from the front-end RA pass through a pair of Brewster angle fused silica prisms, one of which is mounted on a piezo translation stage (see Fig. 1 ). The resulting r.m.s. phase jitter is 0.95 rad. The typical jitter of the CEP after the first stage RA is approximately σ=0.45 rad. Optimization of the second RA cavity is underway in order to improve the stability and reduce the CEP jitter.
High-order harmonic generation results
Although multi-color HHG driving has not been achieved yet, our preliminary results show the utility of the presented system for significantly increasing the cut-off frequency and overall efficiency of HHG driven by multi cycle pulses. Firstly, HHG was tested using 180-fs 1.03-μm pulses directly from the laser. Secondly, as a demonstration that the peak power of the system is sufficient for energy demanding applications such as HHG, we demonstrate HHG driven by two waves of our synthesizer individually: the signal wave at 1.545-μm of a KTA OPA and the fundamental wave at 1.03 μm, as shown in Fig. 3 . The HHG spectrum generated in krypton using 1.545-μm pulses extends well beyond the cut-off of the spectrum generated using 1.03-μm pulses despite the lower intensity and lower I p of the gas used for generation. By superposing these infrared pulses of comparable amplitudes provides a route for the implementation of high photon energy and flux source in XUV spectral range. Fig. 3 . a) HHG from Ar driven by 1030-nm pulses, 0.5mJ@10kHz. b) HHG from Kr driven by 1545-nm pulses, 0.4mJ@0.5kHz. The spectral resolution is rather low due to a relatively wide entrance slit of the spectrometer. The black curve shows the theoretical transmission of this filter.
Conclusion
In conclusion, we present a high power multi-color source in which the CEP of each color is locked and demonstrate high order harmonic generation with individual colors of the system. By adopting cascaded amplification in a cwdiode-pumped Yb amplifier we were able to significantly increase the pulse energy (from 100 μJ to over 6 mJ) of the pump laser of the OPA while preserving the CEP stability. Deterioration of the phase noise in comparison to the single stage amplifier is mainly attributed to mechanical vibrations and the beam pointing instability.
